Ionizing radiation causes depletion of hematopoietic cells and enhances the risk of developing secondary hematopoietic malignancies. Vitamin E analog gamma-tocotrienol (GT3), which has anticancer properties, promotes postirradiation hematopoietic cell recovery by enhancing spleen colony-forming capacity, and provides protection against radiation-induced lethality in mice. However, the underlying molecular mechanism involved in GT3-mediated postirradiation survival is not clearly understood. Recent studies have shown that natural dietary products including vitamin E provide a benefit to biological systems by modulating microRNA (miR) expression. In this study, we show that GT3 differentially modulates the miR footprint in the spleen of irradiated mice compared to controls at early times (day 1), as well as later times (day 4 and 15) after total-body irradiation. We observed that miR expression was altered in a dose-and time-dependent manner in GT3-pretreated spleen tissues from total-body irradiated mice. GT3 appeared to affect the expression of a number of radiation-modulated miRs known to be involved in hematopoiesis and lymphogenesis. Moreover, GT3 pretreatment also suppressed the upregulation of radiation-induced p53, suggesting the function of GT3 in the prevention of radiation-induced damage to the spleen. In addition, we have shown that GT3 significantly reduced serum levels of Flt3L, a biomarker of radiation-induced bone marrow aplasia. Further in silico analyses of the effect of GT3 implied the association of p38 MAPK, ERK and insulin signaling pathways. Our study provides initial insight into the mechanism by which GT3 mediates protection of spleen after total-body irradiation. Ó 2016 by Radiation Research Society
INTRODUCTION
Normal tissue injury, particularly hematopoietic damage, is a major concern in radiotherapy due to its potential toxic side effects, thus limiting its cancer cure rate (1, 2) . Nonclinical exposure to ionizing radiation (accidental or deliberate) results in multi-organ dysfunction syndrome (MODS), which can lead to acute radiation syndrome (ARS) and/or long-term health effects such as cancer or pulmonary fibrosis, depending on dose rate and total absorbed dose (3, 4) . ARS includes hematopoietic syndrome manifested as peripheral blood pancytopenia, with depletion of bone marrow progenitor cells and damage to the hematopoietic organs including the spleen (5, 6) . Moreover, exposure to ionizing radiation increases the risk of cancer development and progression (7) . Therefore, the development of strategies to prevent radiation-induced damage is essential. There is an urgent need to develop radiation countermeasure drugs that can be administered prior to radiation therapy for cancer patients, and prior to exposure for first responders and military personnel during rescue operations. However, to date there is only one FDAapproved radiation countermeasure drug (Neupogent) available. Our studies have demonstrated that a vitamin E analog, gamma tocotrienol (GT3), protected mice from lethal doses of radiation partially by preventing postirradiation pancytopenia (8) , depletion of bone marrow progenitor cells (9) and reduction in colony-forming capacity of spleen (10) . Other studies have reported potent anticancer activity of GT3 (11, 12) . However, the molecular mechanism by which GT3 prevents spleen damage to protect the hematopoietic system and increase mouse survival remains elusive.
Vitamin E has been shown to exert beneficial effects by modulating microRNA (miR, miRNA) profiles in different tissues (13) . MiRs are endogenous noncoding RNAs, about 19-22 nucleotides in length, identified as regulators of gene expression by inducing cleavage of their target mRNAs and/ or repression of translation. An earlier study has shown that vitamin E deficiency results in differential miR expression in liver tissue of rats (13) . A recent study has demonstrated that tocotrienol-rich fraction prevents cellular senescence by modulating the expression of senescence-activated miRs (14) . Although the function of vitamin E in modulating miR expression is well established, the role of GT3 in modulating radiation-induced miR expression is not well defined.
Several studies have analyzed the effect of radiation on miR expression (15) (16) (17) (18) . Radiation has been shown to alter miR expression in peripheral blood and various tissues (15, 19) . Plasma miRNA profile is highly predictive of different levels of radiation exposure and can serve as biomarkers to assess radiation dose after mass casualty scenarios (16, 20) . Serum miR-150, a microRNA abundant in lymphocytes, exhibits a dose-and time-dependent decrease in expression after irradiation and has therefore been regarded as a sensitive biomarker for radiation-induced lymphocyte depletion and bone marrow damage (17) . Ionizing radiation is known to induce cellular stress by generating free radicals, which in turn cause DNA damage. Damaged DNA modulates an array of miR expression in a p53-dependent and -independent manner, as evident in in vitro (17, (21) (22) (23) and in vivo (18, 24) studies. MiR-34a, which is a direct target of p53, was reported to show potent anti-proliferative effects. Moreover, miR-34a exhibits a time-dependent increase in serum and spleen in response to radiation and is a potential indicator of radiation-induced injury (25) . miRs regulate diverse cellular processes that may activate stress response signals, which in turn may affect radiationinduced injury in different animal tissues (26) . Recent studies indicate that radiation upregulates miR-30b and miR-30c in human hematopoietic CD34 þ cells, and miR30c plays a critical role in cell damage through negative regulation of REDD1 (17) . Moreover, our recent studies have also demonstrated the role of the radiation countermeasure delta-tocotrienol (DT3, a vitamin E isomer) in in vitro and in vivo regulation of miR-30 (27) . We have shown that DT3 protected mouse and human CD34 þ cells from radiation-induced apoptosis by inhibiting IL-1b and miR-30 expression, resulting in increased survival of irradiated mice (27) . Here we report the radiation-regulated miRs in spleen that may be involved in the radioprotection by GT3. We have identified dose-and time-dependent miRNA signatures in mouse spleen after total-body irradiation (TBI). Consequently, we also observed that GT3 modulates serum levels of Flt3L, a biomarker of radiation-induced bone marrow aplasia (28) . An understanding of the molecular pathways associated with mechanisms by which GT3 protects against radiation-induced damage to the spleen after whole-body exposure will lead to the development of novel therapeutics.
MATERIALS AND METHODS

Mice
Male CD2F1 mice (8-10 weeks old) were purchased from Harlant Laboratories Inc. (Indianapolis, IN) and housed in an air-conditioned facility at the Armed Forces Radiobiology Research Institute (AFRRI; Bethesda, MD), which is accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC). All mice were kept in rooms with a 12:12 h light/ dark schedule at 21 6 28C with 10-15 hourly cycles of fresh air and a relative humidity of 50 6 10%. Mice were held in quarantine for 2 weeks and were used after microbiology, serology and histopathology examination of representative samples ensured the absence of Pseudomonas aeruginosa and common murine diseases. Mice were provided with certified rodent rations (Harlan Teklad Rodent Diet no. 8604; Harlan Teklad, Madison, WI) and acidified water (with HCl, pH 2.5-3.0) ad libitum. All animal procedures were performed in accordance with a protocol approved by the Institutional Animal Care and Use Committee (IACUC) using the principles and procedures outlined in the National Research Council's Guide for the Care and Use of Laboratory Animals. Samples of drug formulation and vehicle were sent to Charles Rivers Laboratories (Charleston, SC) for endotoxin testing prior to initiation of the experiments. All samples yielded an endotoxin limit of less than 0.50 endotoxin units (EU), which is acceptable for drug testing in mice according to IACUC standards.
Drug Preparation and Administration
Irradiation
Mice were irradiated bilaterally in the AFRRI's 60-cobalt gamma irradiation facility in well ventilated plexiglass boxes (8 mice per box) at a dose rate of 0.6 Gy/min to total midline doses of 4 and 8 Gy, as described below. An alanine/ESR (electron spin resonance) dosimetry system (American Society for Testing and Material Standard E 1607) was used to measure dose rates (to water) in the cores of acrylic mouse phantoms. Phantoms were 3 inches long and 1 inch in diameter and were located in 50% of the compartments of the exposure rack. The ESR signals were measured with a calibration curve based on standard calibration dosimeters provided by the National Institute of Standard and Technology (NIST, Gaithersburg, MD). The accuracy of the calibration curve was verified by intercomparison with the National Physical Laboratory (NPL, Teddington, UK). The only corrections applied to the dose rates in phantoms were for the decay of the 60 Co source and for a small difference in mass energy-absorption coefficients for water and soft tissue. The radiation field was uniform within 62%. After irradiation, mice were returned to their original cages with access to food and water ad libitum (8, 9) . All irradiations were performed in the morning to minimize the diurnal effect.
Spleen Harvesting and Total RNA Extraction
Mice [n ¼ 3 per group: nonirradiated vehicle (Veh 0 Gy); nonirradiated GT3 (GT3 0 Gy); Veh 4 Gy; GT3 4 Gy; Veh 8 Gy; and GT3 8 Gy] were sacrificed using CO 2 overdose followed by cervical dislocation, in accordance with IACUC approved protocol, on day 1, 4 and 15 postirradiation. Spleens were harvested at each time point and immediately snap frozen in liquid nitrogen and stored at À808C until use. Approximately 50 mg of the frozen tissue was homogenized by brief sonication in ice and total RNA were extracted using mirVana total RNA isolation kits (Life Technologies, Frederick, MD) following the manufacturer's protocol. RNA yield and quality was analyzed on a NanoDrope spectrophotometer ND-1000 (Thermo Fisher Scientific Inc., Rockville, MD).
miRNA Microarray
Microarray hybridization and data analyses were performed by the commercial service provider, LC Sciences (www.lcsciences.com; Houston, TX) and miRBase v. 19.0 (http://www.mirbase.org/) was used to study the expression profiling of 1,265 unique mature mouse miRNAs using a lParaflot microfluidic technology (29, 30) . Briefly, the total RNA sample (1 lg) was 3 0 extended with a poly(A) tail using poly(A) polymerase. An oligonucleotide tag was then ligated to the poly(A) tail for later fluorescent dye staining and hybridization was performed overnight on a mirco paraflo microfluidic chip using a micro-circulation pump (Atactic Technologies Inc., Houston, TX) (29, 30) . Each detection probe was chemically modified nucleotide coding segment complementary to target microRNA (from miRBase) and a spacer segment of polyethylene glycol to extend the coding segment away from the substrate. The detection probes were made using PGR (photogenerated reagent) chemistry by in situ synthesis and the hybridization melting temperatures were balanced by chemical modifications of the detection probes. For hybridization buffer, 100 ll 63 SSPE (0.90 M NaCl, 60 mM Na2HPO4, 6 mM EDTA, pH 6.8) containing 25% formamide was used at 348C. After RNA hybridization, tag-conjugating Cy3 and Cy5 dyes were circulated through the microfluidic chip for dye staining and the fluorescence-hybridized images were collected using a laser scanner (GenePixt 4000B; Molecular Devices, Sunnyvale, CA) and digitized using Array-Pro image analysis software (Media Cybernetics, Rockville, MD).
miRNA Expression Analysis (qRT-PCR)
The miRNA expression data from the arrays were validated for a selected set of miRs by individual TaqMant assays (Life Technologies) specific for the respective miRNAs. The assays were run in triplicates and the data are averages of three biological replicates.
Mouse Serum and Flt3 ELISA
Mice were humanely euthanized on day 0, 1, 4, 7, 15 and 30 after TBI (4 and 8 Gy) for serum and tissue collection. Six mice per group were used: nonirradiated vehicle (Veh 0 Gy); nonirradiated GT3 (GT3 0 Gy); Veh 4 Gy; GT3 4 Gy; Veh 8 Gy; and GT3 8 Gy. The mice were deeply anesthetized prior to whole-blood collection through the inferior vena cava in accordance with the approved IACUC protocol. The animals were deeply anesthetized with isoflurane (Abbott Laboratories, Chicago, IL) in a rodent anesthesia machine; the tail was pinched to check reflexive movement indicative of insufficient anesthesia. If there was no response, the animal was moved to a station with an individual nose cone for continued anesthesia. An incision was made on the right side of the animal, close to the inferior vena cava, the vein was exposed and blood was drawn with a 23G needle. Blood was collected in serum separator tubes and allowed to clot for 30 min at room temperature. After centrifugation at 1,500g for 10 min, serum was transferred to a micro-centrifuge tube and stored at À808C until use. Following the manufacturer's instructions mouse Flt3L was measured by using the commercially available sandwich ELISAs kits (R&D Systemse, Minneapolis, MN).
Pathway Analyses
Gene networks and canonical pathways representing key genes were identified through the use of Ingenuity Pathway Analysis (IPA).
Briefly, the data sets containing gene identifiers and corresponding fold change and P values were uploaded into the web-delivered application and each gene identifier was mapped to its corresponding gene object in the IPA software. MicroRNA and mRNA relationship analysis was generated using TargetScan Release 5.1 (Whitehead Institute, Cambridge, MA) for miRNA biological target prediction and IPA.
Statistical Analysis
For microarray analysis, each probe was repeated three times on chips from three biological replicates to ensure reproducibility of microarrays and for statistical consideration. Data were analyzed by first subtracting the background and then normalizing the signals using a LOWESS filter (locally-weighted regression) (31) . miRNA expression data between two groups were subjected to t test and differentially detected signals (.500) were those with P , 0.05. All other data sets are expressed as mean 6 standard error of mean (SEM). All experiments were performed independently at least twice and biological replicates were used for each data set. GraphPad Prism v. 6.07 for windows was used for data analysis. Statistical significance was considered at P , 0.05. The differences among days, regimens (vehicle and GT3) and radiation doses (4 and 8 Gy) were analyzed by performing a multiple comparisons test using Tukey's honest significant difference test to find means that are significantly different from each other.
RESULTS
GT3 Modulates the Expression of miRs in Irradiated Mouse Spleen in a Dose-and Time-Dependent Manner
Comprehensive analysis of the expressions of 1,265 mature miRs in irradiated mouse spleen tissue with or without prior GT3 treatment was performed at different time intervals. The expression profile of miRs was analyzed in control (naïve, sham-irradiated vehicle and GT3), irradiated vehicle-and GT3-treated samples. All data presented were compared with sham-irradiated vehicle control groups since no difference in the expression of miRs was observed in the microarray analysis between naive and vehicle-treated groups. As shown in Fig. 1 , the miR expression varies in a dose-and time-dependent manner in response to GT3 treatment. Both exposure to radiation and GT3 pretreatment altered the expression of a large number of miRs in spleen tissue compared to the nonirradiated vehicle-treated group ( Fig. 1 and Supplementary Figs. S1 and S2) .
The Venn diagram shown in Fig. 2 represents 4 (panel A) and 8 Gy (panel B) TBI, showing significantly altered expression of 146 and 351 miRs, respectively, compared to 160 miRs in nonirradiated spleen samples on day 1. Surprisingly, a highly significant dose-dependent increase in the number of overlapping miRs was observed on day 1. Specifically, 12 and 62 miRs were shared with the nonirradiated vehicle-treated group after 4 and 8 Gy TBI, respectively ( Fig. 2A and B) . Similarly, radiation exposure resulted in higher expression of miRs in spleen tissue on day 4, and 250 and 239 miRs were differentially modulated after 4 and 8 Gy TBI, respectively, compared to nonirradiated spleen tissue on day 4 ( Fig. 2C and D) .
Moreover, miR expression increased in a dose-dependent manner. For example, 50 and 75 miRs were shared with the vehicle-treated sham-irradiated group, respectively, after 4 and 8 Gy irradiation on day 4 ( Fig. 2C and D) . Additionally, 4 and 8 Gy TBI for 15 days modified the expression of 361 and 329 miRs, respectively. These alterations in miR expression were significantly higher than in the nonirradiated vehicle-treated group (Fig. 2E and F) . A similar dosedependent increase in the number of shared miRs with the nonirradiated vehicle-treated group was observed at day 15, and overlaps of 10 and 31 miRs were found after 4 and 8 Gy TBI, respectively ( Fig. 2E and F) . GT3 pretreatment altered the expression of 350 against 361 and 369 against 329 miRs after 4 and 8 Gy TBI, respectively, on day 15 ( Fig. 2E and  F) . Moreover, the number of shared miRs between GT3-treated and untreated groups of irradiated mice was significantly increased in a dose-dependent manner on day 15, and an overlap of 6 and 74 miRs was observed after 4 and 8 Gy, respectively ( Fig. 2G and H) .
GT3 Suppresses Radiation-Induced Upregulation of miRs
We observed significant upregulation in the expression of a number of miRs associated with hematopoiesis postirradiation on day 1, 4 and 15. However, the magnitude of increase tended to decline by day 15 (Fig. 1) . In our previous work, we reported that after a sublethal dose of radiation, maximal suppression of peripheral blood cell count was observed by day 4 with significant recovery by day 15 (8, 9) . Thus, in our current work we focused on irradiated spleen tissue with or without GT3 pretreatment harvested on day 15 postirradiation. We also observed that the expression of a larger number of miRs was altered after 8 Gy compared to that at 4 Gy TBI (data not shown).
Exposure to 8 Gy TBI significantly (P , 0.05) upregulated the expression of miR-27b, miR-34a, miR99b, miR-125b, miR-126, miR-130a, miR-143 and miR145b compared to the nonirradiated vehicle-treated group on day 15, as detected by microarray analysis (Fig. 3) . Interestingly, GT3 pretreatment significantly (P , 0.05) suppressed upregulation of these miRs on day 15 in 8 Gy irradiated spleen samples (Fig. 3) . However, no difference in the expression pattern of miRs was observed in shamirradiated vehicle-treated and sham-irradiated GT3-treated groups, suggesting that GT3 treatment alone does not alter expression of miRs (Fig. 3) . Further validation of some of the microarray data was performed by qRT-PCR using miRspecific TaqMan assays. These data revealed that the expression of miR-130a and miR-145 was increased about two-and threefold, respectively, after 8 Gy TBI on day 15, while GT3 pretreatment significantly suppressed the overexpression of these two miRs (Supplementary Fig. S3 ).
GT3 Prevents Postirradiation Downregulation of the Expression of miRs in Mouse Spleen Samples
We also observed a downregulation in the expression of miRs in spleen samples after TBI, as detected by microarray analysis. The expression of miR-15b and miR-92b significantly (P , 0.05) decreased in response to exposure on day 1, but was unaltered up to 4 days (Supplementary Fig. S5) . However, the expression of miRs was restored at day 15 after 8 Gy TBI (Supplementary Fig. S5 ). Moreover, GT3 pretreatment promoted postirradiation recovery of miR-15b (Fig 4) . Consistently, Taqman qRT-PCR assay of miR-15b also indicated a significant (P , 0.05) postirradiation downregulation, and a GT3-mediated recovery after 15 days of 8 Gy irradiation (Supplementary Fig. S4 ). We also observed a dose-dependent downregulation of miR-92b on day 4 (data not shown). Wheel diagrams represent the spectrum of the expression of miRs, which were substantially altered after irradiation with or without GT3 treatment ( Supplementary Fig. S7 ).
GT3 Suppresses Radiation-Induced p53 mRNA Upregulation
Next, we determined the effect of GT3 on p53 expression after irradiation, because p53 regulates hematopoiesis partly by modulating miR-34a expression. Expression of p53 mRNA increased about 3.5-fold on day 15 after 8 Gy TBI, while GT3 pretreatment significantly (P ¼ 0.001) suppressed radiation-induced p53 upregulation in spleen tissue (Fig. 5A) . Further network analyses (IPA) indicated TP53 to be associated directly or indirectly with the radiationresponsive aberrantly expressed miRs (Fig. 5B) .
GT3 Represses Radiation-Induced Flt3L in Mouse Serum
The radiation-induced Flt3L levels increased in a doseand time-dependent manner (Fig. 6) . Baseline levels were 294 (646) pg ml À1 and 242 (615) pg ml À1 , respectively. Flt3L levels were gradually increased after irradiation, and reached maximum levels on day 4 for animals exposed to 4 Gy and day 7 for animals exposed to 8 Gy. There was a significant dose-dependent increase in Flt3 levels from 4 to 8 Gy in vehicle-treated samples on day 1, 4, 7 and 15. On day 7 and 15 at 8 Gy irradiation, Flt3L levels were significantly (P , 0.01) inhibited by GT3 pretreatment (Fig.  6) . At day 1, Flt3L levels were 480 (617) pg ml À1 and 818 (677) pg ml À1 for vehicle-treated animals irradiated at 4 and 8 Gy, respectively. At day 4, Flt3L levels were 1,147 (643) pg ml À1 and 2,196 (6135) pg ml À1 for vehicle-treated animals irradiated at 4 and 8 Gy, respectively. At day 7, Flt3L levels were 553 (653) pg ml À1 and 2,454 (6103) pg ml À1 for vehicle-treated animals irradiated at 4 and 8 Gy, respectively. 
GT3 Modulates ERK, MAPK and Insulin Pathways in Irradiated Mouse Spleen
We further performed in silico analyses of the 1,265 differentially expressed miRNAs using IPA. Networks generated indicated the roles of signaling pathways including ERK, MAPK and insulin pathways as key players in radiation-induced hematopoiesis (Fig. 7) . IPA-generated diseases and molecular functions indicated that radiation exposure and/or GT3 highly influence hematopoietic cancers, such as chronic B-cell leukemia (Fig. 8) , lymphocytic leukemia (Fig. 9 ) and lymphohematopoietic cancer (Fig. 10) . These data clearly indicated that GT3 plays a critical role in radiation-induced hematopoiesis, under normal as well as disease conditions, by modulating miRmediated signal transduction pathways. In addition, the effect of radiation exposure and/or GT3 in various diseases and cellular functions is summarized in Supplementary Fig.  S8 .
DISCUSSION
In this study, GT3 pretreatment significantly enhanced survival in mice that received lethal TBI. GT3 accelerates blood cell recovery in mice that received sublethal TBI on day 15 (8) , as well as protected hematopoietic stem and progenitor cells, and helped in regeneration of sternal bone marrow cellularity after 7 Gy TBI by day 14 (9) . Moreover, GT3 enhances the number of spleen colony-forming units as well as spleen size in CD2F1 mice after 8.5 Gy TBI by day 12 (10) compared to vehicle-treated irradiated groups. Since we previously reported that radiation exposure causes maximal suppression of peripheral blood cell count by day 4 with significant recovery by day 15 after sublethal irradiation, our current study focused on irradiated spleen tissue with or without GT3 pretreatment harvested 15 days after TBI (8, 9) . Flt3L can be regarded as a radiationspecific biomarker of radiation-induced aplasia (28) . Our date shows that there is a dose-(4 and 8 Gy) and time-(day 0-15) dependent increase in serum levels of Flt3L, after TBI, and there is a significant inhibition of serum levels of Flt3L in GT3-treated animals. These data clearly indicate that at day 15 (8 Gy), there was a pronounced effect by GT3 in protecting the animals from hematopoietic death.
The important role of miRs in the regulation of radiationinduced injury has emerged from several recent studies.
FIG. 3.
Radiation-induced upregulation of miRNA expression, inhibited by GT3. CD2F1 mice were 8 Gy TBI and spleens harvested at day 15 postirradiation. Total RNA was extracted from spleens using miRVana RNA isolation kit following manufacturer's protocol. RNA was quantified and its integrity was checked by identifying 28S and 18S bands on agarose gel. Radiation-induced upregulation of (panel A) miR-27b, (panel B) miR-34a, (panel C) miR-99b, (panel D) miR-125b, (panel E) miR-126-3p, (panel F) miR-130a, (panel G) miR-143 and (panel H) miR-145b expressions were blocked by GT3 treatment. All data were collected from three biological replicates and presented as mean 6 standard error of mean.
FIG. 4.
GT3 attenuated radiation-induced downregulation of miR15b expression. CD2F1 mice were whole-body irradiated with 8 Gy and spleens harvested at 15 days postirradiation. Total RNA was extracted from spleen using miRVana RNA isolation kit following manufacturer's protocol. RNA was quantified and its integrity was checked by identifying 28S and 18S bands on agarose gel. Expression of miR-15b was significantly suppressed in the spleen sample as a result of radiation, while GT3 pretreatment returned it to normal. All data were collected from three biological replicates and presented as mean 6 standard error of mean.
Radiation-induced miRs in plasma or serum can be predictive biomarkers for dosimetry to assess dose after mass casualty incidents and it may provide a valuable tool in developing and implementing radiation countermeasures. Radiation-induced miRs may also play significant roles in targeting signaling pathways. In this study, we identify the radiation-induced miRs that are modulated by GT3 in the hematopoietic spleen tissue of mice. We report here for the first time that GT3 modulates the expression of miRs in irradiated mouse spleen in a dose-and time-dependent manner.
Gaedicke et al. reported that the difference in dietary vitamin E differentially modulates expressions of hepatic miRs in rats including miR-125b, which is known to play a critical role in regulating normal hematopoiesis at the stem cell level. The overexpression of miR-125b results in hematopoietic malignancies, such as acute myeloid leukemia, acute lymphoblastic leukemia and multiple myeloma (13) . Moreover, a recent study demonstrated that miR-125b regulates human bone marrow precursor B-cell differentiation (32) . These data suggest that miR-125b, which is modulated by vitamin E, may play a critical role in normal hematopoiesis as well as in hematopoietic malignancy. Here, we determined the effect of GT3 in regulating the expression pattern of miRs in irradiated spleen tissue to gain better insight on the role of miRs in GT3-mediated postirradiation hematopoietic recovery.
Our study reveals that an array of miRs, which directly or indirectly influence normal, as well as abnormal hematopoiesis, is overexpressed in spleen tissue of irradiated mice and are substantially suppressed by GT3 pretreatment. We noticed that miR-125b, which is involved in hematopoiesis and lymphomagenesis, is significantly (P ¼ 0.014) overexpressed in irradiated spleen tissue, and GT3 pretreatment suppressed its upregulation. Earlier studies have demonstrated the role of miR-125b in myeloid and lymphoid malignancies (33, 34) . Moreover, it has also been shown that overexpression of miR-125b is associated with enhanced tumor growth and a shorter median survival in a cutaneous T-cell lymphoma (CTCL) model (35) . Therefore, based on our data we hypothesize that GT3-mediated suppression of radiation-induced miR-125b upregulation may prevent hematopoietic malignant transformation and protect the hematopoietic spleen tissue.
A number of studies have established the role of miRs in the pathogenesis of various types of cancer. Genetic screening has identified miR cluster 99b/let-7e/125a as a critical regulator of hematopoietic stem/progenitor cell differentiation. The overexpression of this cluster leads to an increased myeloid differentiation, and subsequent 6 . Dose-and time-dependent changes for Flt3L and modulation by GT3. CD2F1 mice were 4 and 8 Gy TBI and blood was harvested on day 1, 4, 7, 15 and 30 postirradiaton for serum separation. Flt3L expression was analyzed by ELISA. A dose-and time-dependent increase in Flt3L was observed up to day 7. Flt3L levels were significantly inhibited by pretreatment with GT3 on day 7 and 15 (P , 0.05). The data reflects the average of three or more independent experiments and are presented as mean 6 standard error of mean.
development of myeloproliferative neoplasms in mice (36) . Gain-of-function analysis has demonstrated that constitutive expression of miR-34a blocks B-cell development by inhibiting transcription factor Foxp1, finally resulting in reduction in mature B cells in mice (37) . A recent screening of AML patient samples has illustrated that miR-130a is significantly upregulated (25) in AML patients, while balanced expression of miR-130a regulates granulopoiesis through engagement of Smad4 in the TGF-b pathway (38) . These data clearly suggest that the increased expression of miR-99b, miR-34a and miR-130a results in hematological malignancies. The results of our study demonstrate that significant postirradiation increases in the expression of miR-99b, miR-34a and miR-130a are blocked by GT3 pretreatment, suggesting that GT3 might play a critical role in preventing radiation-induced lymphomagenesis.
We also observed the radiation-induced suppression of several miRs, an effect that was reversed by GT3 pretreatment. It has been shown that expression of miR15b and miR-92b is associated with erythropoiesis and human embryonic stem cell differentiation, respectively (39) . We have found that exposure to ionizing radiation causes significant (P , 0.05) decrease in the expression of miR-15b and miR-92b, which may adversely affect normal hematopoiesis. Moreover, GT3 pretreatment inhibits radiation-induced suppression of miR-15b, which indicates that miR-15b may be involved in protecting spleen tissue from radiation-induced damage.
Next, we determined the consequence of GT3 pretreatment on the expression of tumor suppressor p53 after irradiation. The expression of p53 is altered after irradiation 1 (40) and has been shown to regulate hematopoiesis (41) . Additionally, p53 modulates the expression of a substantial number of miRs, particularly in response to DNA damage (42), for example, p53 is one of the strongest inducers of miR-34a after DNA damage (43) . Another study showed that exposure to radiation caused upregulation of p53 in mucosa of patients undergoing radiotherapy (40) . Additionally, increased expression of wild-type p53 was observed in lymphocytes of patients with chronic lymphatic leukemia (44) . Consistently, we also observed a significant (P ¼ 0.0379) increase in p53 expression in irradiated mouse spleen. Moreover, we observed increased expression of miR-34a postirradiation, as expected, possibly inducing the upregulation of its target gene p53 (18, 43) . GT3 pretreatment attenuates radiation-induced p53 as well as miR-34a overexpression, suggesting its possible role in protecting the spleen from radiation-induced damage by day 15 after a sublethal dose of TBI.
In concurrence with the observation by Jacob et al. (16), we observed a dose-dependent decrease in spleen miR-150 expression after irradiation (Supplementary Fig. S6 ). There was a significant decrease in miR-150 expression by day 1 postirradiation, which remained unchanged up to day 15 after TBI. Dose-dependent decrease in miR-150 was observed at all exposure time intervals analyzed ( Supplementary Fig. S6 ). Li et al. (17) reported that miR30b and miR-30c were upregulated by radiation exposure in the human hematopoietic cells by 1 h after gamma irradiation. In contrast, we did not observe upregulation of miR-30 family in (mouse) spleen postirradiation at any time points. We recently reported that DT3 completely blocked the expression of miR-30 families in bone marrow, jejunum and liver within 1 h postirradiation, whereas in serum, the effect was found up to 24 h postirradiation. In that study, we did not observe any effect of GT3 on miR-30 expression in spleen at early (24 h) or later time points (day 4 and 15) after irradiation (27) , suggesting that radiation-induced miR-30 could be tissue specific. However, analyzing miRNA status at earlier times (even before day 1 after irradiation) will be informative (27) .
A comprehensive bioinformatics analysis using the IPA program performed with miR expression profile data, as well as the corresponding predicted mRNA targets, indicate that cellular signaling pathways including ERK, MAPK and insulin pathways are the key targets in GT3-treated irradiated spleen samples. These pathways have been known to be involved in hematopoiesis and lymphomagenesis (45) (46) (47) (48) (49) (50) . These data indicate that postirradiation hematopoietic protection by GT3 might be regulated through the ERK/P38-MAPK signaling pathway. Consistently, networks generated by IPA indicate that these radiation-responsive miRs are associated with hematopoietic cancer-related development, with hubs focusing on lymphohematopoietic cancer. Furthermore, treatment with GT3 reversed the differential regulation of miR-34a, miR92b, miR-125b, miR-130a and miR-143-3p that are associated with leukemogenesis. These data clearly suggest that GT3 pretreatment plays a significant role in suppressing radiation-induced hematopoietic malignancy as well as hematopoietic injury. Functional analysis and characterization of the associated molecules are part of our future goals.
In conclusion, our studies with irradiated mouse spleen tissue show that GT3 pretreatment reverses the expression of several miRs, which are involved in postirradiation hematopoiesis. In silico cellular pathway analyses implicate ERK/P38MAPK as target signaling pathways for the recovery of radiation-induced damage in spleen by GT3. The role of radiation-responsive miRs in the regulation of these signaling pathways warrants further studies.
